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Abstract

Two new second generation fluorescent switches that are based on the
chromophore-spacer-receptor architecture are reported in this thesis. The fluorescence
modulation of these switches is a result of quenching or initiating photoinduced electron
transfer (PET) between the chromophore and the receptors due to cation binding. These
two molecules utilize an alkaloid, anabasine, as the proton receptor, and function as
fluorescent off-on-off switches with decreasing pH. One of these molecules also utilizes
a coumarin as the chromophore, making it the first rationally designed fluorescent PET
system based on natural products. Further studies of two well-known first generation
fluorescent switches to achieve more complex fluorescence modulation are also reported
in this thesis.
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1

Introduction

The absorption of light by a chromophore promotes an electron from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). The excited chromophore can now donate an electron to an acceptor, or accept
an electron from a donor, leading to radical ions formation. This photoinduced electron
transfer (PET) has many has many fundamental and practical implications ranging from
photosynthesis and biological redox mechanisms to the development of devices such as
sensors, switches and molecular motors.1
The signaling process of fluorescent PET sensors depends on a molecular
recognition event to inhibit, or initiate PET between a covalently linked chromophore and
a receptor, leading to the generation (off-on), or quenching (on-off) of fluorescence. A
large number of these PET systems that follow the basic design principle of a
chromophore-spacer-receptor architecture has been reported to date.2 The signaling
capability of these systems has evolved from simple off-on or on-off switching of
fluorescence in response to a single cation, to complex fluorescence modulation in
response to multiple cations. One way of following the evolution of these PET systems
would be to follow the number of PET processes that is possible in each system. First
generation PET systems have one PET process that is controllable by one guest-binding
event. Similarly, second generation PET systems have two PET processes each of which
is controllable by a guest-binding event. By this count, the most complex systems
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reported to date are third generation PET systems that are capable of three different PET
processes in response to three cation binding events.3 The signaling capabilities of these
systems have also evolved from simple ‘off-on’ or ‘on-off’ fluorescence modulation to
more complex patterns such as ‘off-on-off’ fluorescence modulation.

On-Off
with decreasing pH

Figure 1:

Examples of first generation fluorescent PET systems.

The driving force for the electron transfer (AGet) in a fluorescent ‘off-on’ switch
can be expressed by a modified Weller equation as follows:
AO1 — -FF — FFed .ch ro m i'

f
^ o x . receptor

Es, Ered chrom. and Eoxreceptor are the singlet energy and reduction potential of the
chromophore and oxidation potential of the receptor respectively. An increase in the
oxidation potential of the receptor due to binding of a cation to the receptor will increase
the AGet, preventing the photoinduced electron transfer. This will allow the excited
chromophore to relax by emission, leading to the fluorescent ‘off-on’ switch and is
illustrated by a simplified molecular orbital diagram as follows:
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MO diagram for ‘off-on’ fluorescence switching with cation binding.

The driving force for the ‘on-off’ switch is described by the following Weller
equation:

where

E s, E oxxhrom

and E red.recePtor are the singlet energy, oxidation potential of the

chromophore and the reduction potential of the receptor, respectively. In this case a
decrease in the reduction potential of the receptor, also caused by the binding of a guest,
will decrease the AGet to the point where an electron transfer process from the excited
chromophore to the receptor becomes thermodynamically favorable. This in turn will
quench the fluorescence of the excited chromophore fluorescence resulting in “On-Off’
fluorescent switching. These molecules can also function as fluorescent sensors for a
particular guest. This process can be shown schematically by the following simplified
MO diagram (Scheme 2):
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MO diagram for “on-off’ fluorescence switching with cation binding.

The combination of two proton receptors of the two first generation PET sensors
shown in Figure 1, the tertiary nitrogen and the pyridine ring, has lead to the second
generation PET sensor shown below. This sensor combines the two PET processes
mentioned above in one proton receptor (with two protonation sites) to give fluorescent
‘off-on-off’ modulation with decreasing pH.

Off-On-Off
with decreasing pH

Figure 2:

Example of a second generation PET sensor.
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Goal

The main goal of this thesis is to develop fluorescent PET sensors that derive
components from natural products.4 Two new second generation PET systems, 1 and 2,
that utilize anabasine (an alkaloid closely related to nicotine) as a proton receptor, are
reported in this thesis. In addition, the chromophore of 2 is derived from coumarin,
making it the first PET sensor to utilize a chromophore and a receptor derived from
natural products. The second goal is to demonstrate that complex fluorescence
modulation, usually shown by higher generation PET sensors, can be mimicked by
individual first generation PET systems operating simultaneously. Two first generation
PET systems, 3 and 4, have been studied in the same solution as a part of this thesis.
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Results and Discussion

Synthesis of Sensors 1 and 2

Sensors 1 and 2 were prepared by alkylating the secondary nitrogen of anabasine
with 9-chloromethylanthracene, and 4-bromomethyl-7-methoxycoumarin, as shown in
Figure 3. The reaction mixtures were extracted with 3M HC1 to separate the product
from the unreacted starting material after refluxing for 18h. The acid layers were
neutralized with sodium carbonate, extracted into dichloromethane and evaporated to
give oily residues that were purified by column chromatography. The yields of sensors 1
and 2 were to yield 59% and 55% respectively.

Figure 3:

Synthesis of PET sensors 1 and 2.
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Fluorescent “off-on-off’ proton switches derived from natural products
The two new PET systems, 1 and 2, are based on several higher generation PET
systems reported recently. From the viewpoint of fluorescent PET system design, natural
products can offer interesting and non-trivial components for use as chromophores,
spacers and receptors, some of which are even pre-assembled into the required formats.
In designing PET systems 1 and 2, we have utilized a piperidine alkaloid, anabasine, as
the proton receptor. Anabasine is a secondary metabolite that is isomeric and structurally
very similar to the well known pyrrolidine alkaloid, nicotine.5 We have successfully
demonstrated that anabasine could be used as the proton receptor in higher generation
PET systems.3“ The two PET systems are prepared by the alkylation of the secondary
nitrogen of anabasine with 9-chloromethylantharacene or 4-bromomethyl-7methoxycoumarin. The chromophore of 2 is derived from coumarin,5 also a natural
product that has been used in several cation sensors including PET systems.6 This is the
first rationally designed PET system to derive both components, the chromophore and the
receptor, from natural products. The fluorescence modulation of 1 and 2 with decreasing
pH clearly demonstrates an off-on-off switch in both cases (Figure 4) as expected.
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Figure 4: pH dependence of the fluorescence quantum yields of PET sytems 1 and 2 in
methanol/water(l:l) (1: A,ex = 350, A.em = 370 - 550 nm; 2: A.ex = 330, A,em = 350 - 550
nm). pH adjusted by adding HC1 or NaOH.

The intensity of fluorescence vs pH profile in both cases is in agreement with our
original second generation PET system that utilized a bis(2-picolyl)amine proton
receptor.7 The pKa values for the protonation of the tertiary nitrogens of 1 and 2 are 6.8
and 4.6, respectively. This difference in pKa values for the first protonation of 1 and 2
can be attributed to the proximity of the two different chromophores that would influence
the tertiary nitrogens. The coumarin is electron withdrawing at its position of attachment
due to the neighboring carbonyl group making the amine pKa values differ by 2.2 for the
two PET systems. The pKa values for the protonation of the pyridine rings of 1 and 2 are
2.8 and 1.8, respectively. The pKa values for the second protonation are closer since the
two chromophores would have a lesser influence on the pyridine rings due to the larger
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distance between the chromophores and the pyridine rings. The protonation of 1 and the
PET processes that are inhibited and initiated with decreasing pH are shown in Scheme 3.

Scheme 3: Protonation and PET processes of 1 with changing pH.

The fluorescence of 1 is quenched due to the thermodynamically favored PET
between the tertiary aliphatic nitrogen (tertiary amine) and the excited chromophore
(*Anth), PET-1. Increasing the oxidation potential of the tertiary amine due to
protonation inhibits PET-1 and regenerates the fluorescence of the chromophore.
Therefore formation of 1*H+ is accompanied by an increase of the fluorescence intensity
which reaches a maximum at pH 5.0. Further decrease of pH protonates the pyridine ring
of the receptor to form a pyridinium (pyH+) group, leading to a significant change in its
reduction potential. A secondary PET process, PET-2, (*Anth to pyH+) now becomes
thermodynamically favorable and quenches the fluorescence of 1*2H+ leading to the
second off mode. Both PET processes are well documented and have been shown to be
exothermic by calculating the AG values using the Weller equation.311,7,8 Since 1 and 2
are capable of utilizing two PET processes to indicate two cation binding events, they are
classified as second generation PET systems.
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Further studies of first generation PET systems

During the course of our studies to develop PET systems that function as off-onoff fluorescent switches for proton, we decided to study two independent off-on and onoff fluorescent switches for protons, in the same solution. In order to observe the two
switches independently, it was necessary to select two PET systems that had different
emission spectra. This led us to PET systems 39 and 4,10 which utilize two different
chromophores, an anthracene and a pyrazoline, that can signal protonation with different
emission spectra. The two first generation PET sensors 3 and 4 are classic examples of
fluorescent off-on and on-off switches for protons. The fluorescence off-on switch of 3
has served as the model for many PET sensors including 1 and 2 described here.
Decreasing pH protonates the tertiary nitrogen of 3 and leads to the regeneration of
fluorescence by inhibiting PET-1 as described above. The pyrazoline based PET system,
4, is fluorescent at high pH and non-fluorescent at low pH. This is due to the conversion
of the carboxylate to an electron withdrawing carboxylic acid with decreasing pH, which
initiates PET-3 and quenches the fluorescence of the pyrazoline chromophore. The
protonation and signaling of these two PET systems is summarized in Scheme 4.
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Scheme 4: Protonation and PET processes of 3 and 4 with changing pH.

The excitation spectra of 3 and 4 overlap sufficiently so that both can be excited
at the same wavelength (350 nm). The emission spectra of the anthracene and pyrazoline
chromophores are sufficiently separated to allow nearly independent monitoring of 3 and
4, with Xmax at 420 nm and 480 nm, respectively. With a common excitation wavelength
and separate emission wavelengths these two PET systems are well suited to monitor two
different protonation processes in one solution. However, the anthracene is significantly
more fluorescent than the pyrazoline leading to an imbalance in the intensities of the two
signals. In order to compensate for this imbalance, we use less of 3 in preparing the
mixture of the two PET systems. Figure 5 shows the fluorescence spectra of a mixture of
3 and 4 at pH 10 and pH 2.5.
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Wavelength (nm)

Figure 5: Fluorescence spectra of a mixture of 3 and 4 at pH 2.5 (left) and at pH 10
(right) in 1:1 methanol/water, X,ex = 350 nm (see experimental for details).

The fluorescence modulation of the mixture of 3 and 4 with pH (Figure 5) closely
resembles the behaviour of the independent PET systems. Monitoring the mixture at 396
nm and 480 nm with decreasing pH, allows us to monitor the fluorescent off-on switch of
3, and the on-off switch of 4, respectively. Since these are two independent spectra, the
intersection of the two fluorescence spectra occurs between 420 and 450 nm from pH 10
to 2. By monitoring at 420 nm it is possible to observe a low-high-low fluorescence
modulation with the maximum fluorescence intensity at the intersection of the on-off and
off-on switches. The individual pKa values of 3 and 4 are different by more than 2 pH
units, leading to the clear low-high-low fluorescence modulation at 420 nm.
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Figure 6: pH dependence of the fluorescence intensity of the mixture of 3 and 4 in
methanol/water(l:l) (XeX = 350, Xem = 396, 420, 480nm). pH adjusted by adding HC1
or NaOH.

The fluorescence intensity at the intersection of the two curves is dependent on
the pKa values of the two individual proton switches. Therefore, it should be possible to
modulate the magnitude of fluorescence modulation at the intersection by changing the
pKa values of the proton receptors of the two PET systems. It should be possible to
observe more pronounced off-on-off fluorescence modulation at the intersection of the
two spectra if there is no contribution from one to the other at this wavelength.
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Conclusion

In summary, we have presented two new second generation PET systems that
function as fluorescent off-on-off switches for protons. Both new systems utilize a
secondary plant metabolite, anabasine, as the proton receptor. One of these new systems
also utilize a coumarin as the chromophore, making it the first PET system that is entirely
based on natural products. In addition, we have studied the fluorescence modulation of a
mixture of two well-known PET systems with pH. We have shown that it is possible to
achieve complex fluorescence modulation characteristic of higher generation PET
systems by the combination of simple first generation PET systems. It is conceivable that
this method could be developed further to monitor different analytes by ratiometric
measurements and multi colour labeling experiments11 with other first generation PET
systems.
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Absorption, Emission and Quantum Yield Data

Sensor

1

2

pH

Absorption
^max(nm)

Emission
^max(nm)

<ï>f

8.1

348

413

0.0840

4.3

351.6

420

0.3967

1

347.2

412

0.0870

7.9

324

388

0.01096

2.9

329

414

0.18191

1

337

410

0.09066

Table 1: Absorption, Emission, and Quantum Yield data for sensors 1 and 2.
9,10-Dimethylanthracene12 used as a reference for calculating fluorescence
quantum yields for 1 and 2. A,ex= 350 nm and A,ex=330 nm respectively; A,em=
300-550 nm. Optical densities of 9,10-Dimethylanthracene and sensors were
obtained in methanol (100%) and methanol/water (1:1) respectively.
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Experimental

Nuclear magnetic resonance spectra were recorded on a Bruker Avance
300/300MHz FT-NMR Spectrometer. All NMR spectra were obtained in CDC13at room
temperature and the chemical shifts are reported in 6 values (ppm) relative to TMS.
Ultraviolet and visible spectra were recorded on Cary 300 Bio UV-Visible
Spectrophotometer. Excitation and emission spectra were recorded on a Cary Eclipse
Fluorescence Spectrophotometer. pH was measured using a Fischer Scientific Accumet
Ph/ATC Combination electrode and Accumet Basic pH Meter. High Resolution mass
spectra were performed at the Mass Spectrometry Service Laboratory at the Department
of Chemistry, University of Minnesota. The synthesis of the two new PET systems, 1
and 2, are described below. PET systems 3 and 4 were prepared according to literature
procedures.

3-{l-[(9-anthryl)methyl]-2-piperidyl}pyridine (1)
A mixture of 9-chloromethylanthracene (0.39 g, 1.720 mmol), anabasine (0.33 g,
2.064 mmol), triethylamine (0.34 g, 3.441 mmol), and ethanol (25 ml) was refluxed for
two days. Dichloromethane (50 mL) was added after cooling to room temperature and
the mixture was extracted with 3M HC1 (3x15 mL). The aqueous layer was neutralized
with sodium carbonate, extracted into dichloromethane (2x25 mL) and dried over
magnesium sulfate. The dichloromethane layer was filtered and evaporated to yield an
oily brown residue that was purified by column chromatography on silica (methanol/ethyl
acetate 5:95) to give 0.36 g of 1 as yellow solid. 'H NMR (CDC13): 6 8.86 (s, 1H), 8.56
(d, 3.9 Hz, 1H), 8.4-8.2 (m, 3H), 8.0-7.8 (m, 3H), 1.5-13 (m, 5H), 4.24-4.05 (m, 2H),
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3.32 (t, 6.6 Hz, 1H), 2.6 (m, 1H), 2.18 (m, 1H), 1.9-1.6 (m, 3H), 1.5-1.3 (m, 3H); 13C
NMR (CDC13): 6 149.67, 148.91, 140.0, 135.29, 131.27, 131.23,130.06, 128.83, 127.19,
125.20, 125.14, 124.68, 123.35, 68.8, 52.92, 52.65, 35.73, 25.81, 24.9; HRMS (El) for
C25N2H24(M+Na) calculated 375.1832; found 375.185.

3-{l-[(7-methoxy-4-coumaryl)methyI]-2-piperidyl}pyridine (2)
A mixture of 4-bromomethyl-7-methoxycoumarin (0.69 g, 2.564 mmol),
anabasine (0.5 g, 3.082 mmol), triethylamine (0.52 g, 5.128 mmol) and ethanol (25 ml)
was refluxed for two days. Dichloromethane (50 mL) was added after cooling to room
temperature and the mixture was extracted with 3M HC1 (3x15 mL). The aqueous layer
was neutralized with sodium carbonate, extracted into dichloromethane (2x25 mL) and
dried over magnesium sulfate. The dichloromethane layer was filtered and evaporated to
yield a dark oily residue that was purified by column chromatography on silica
(methanol/ethyl acetate 5:95) to give 0.49 g of 2 as pale yellow solid. 'H NMR (CDC13):
6 8.64 (s, 1H), 8.49 (d, J = 3.9 Hz, 1H), 7.78 (d, J = 9 Hz, 1H), 7.42 (d, J = 9 Hz, 1H),
7.26 (t, J = 6 Hz, 1H), 6.76 (s, 1H), 6.74 (s, 1H), 6.59 (s, 1H), 3.82 (s, 3H), 3.65-3.03 (m,
3H), 2.3-1.2 (m, 8H); 13C NMR (CDC13):6 162.25, 161.31, 155.11, 153.05, 148.93,
148.81, 139.67, 134.49, 124.67, 123.64, 111.98, 111.70, 110.23, 100.68,66.33,55.47,
55.42, 54.28, 36.52, 25.56, 24.59; HRMS (ESI) for C21H22N20 3 (M+Na) calculated
373.1523; found 373.1529
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Fluorescence studies of PET systems 1 and 2
A 105 M solution of the PET system (1 or 2) was prepared in 1:1 methanol/water.
A portion of this solution (20mL) was placed in a small beaker with a pH electrode and a
small magnetic stir bar. The pH of the solution was changed by adding small amounts of
hydrochloric acid or sodium hydroxide solutions while stirring and the fluorescence
spectrum was recorded at regular pH intervals. The fluorescence quantum yields were
calculated using 9,10-diphenylanthracene as the standard.5

Fluorescence study of the mixture of 3 and 4
The pH of PET system 4 (10~5 M solution in 1:1 methanol/water) was increased
up to about pH 10.00 by adding a solution of sodium hydroxide and the fluorescence
intensity at 480 nm (Xmax of the pyrazoline chromophore) was recorded while exciting at
350 nm. Then the pH was decreased to about 3.00 by adding hydrochloric acid and a few
drops of the PET system 3 (10'5 M solution in 1:1 methanol/water) was added until the
fluorescence intensity at 420 nm (kmax of the anthracene chromophore) approximately
matched the fluorescence intensity at 480 nm. The pH of the mixture solution was
increased back to 10.00 by adding sodium hydroxide and the fluorescence of the mixture
was recorded at regular intervals while decreasing the pH with hydrochloric acid.
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